Loeb 1 has shown that the chromatophores appearing in the yolk sac early in the development of Fundulus heteroclitus are attracted to the blood vessels when there is an active circulation. Thus the little red and black cells, each with many ramifying processes, begin to migrate from their scattered positions in the yolk sac to the blood vessels of this organ only after the active heart is propelling the blood through the vessels. If potassium chloride, in quantities sufficient to stop the heart beat and circulation, is added to the water containing the developing embryos, the chromatophores develop normally, but until the 4th day, at least, there is no migration comparable with that observed in controls where by this time the pigment cells are definitely approaching the vessels. Loeb suggests that there is probably something present in the circulating blood which is responsible for this tropistic phenomenon.
Loeb 1 has shown that the chromatophores appearing in the yolk sac early in the development of Fundulus heteroclitus are attracted to the blood vessels when there is an active circulation. Thus the little red and black cells, each with many ramifying processes, begin to migrate from their scattered positions in the yolk sac to the blood vessels of this organ only after the active heart is propelling the blood through the vessels. If potassium chloride, in quantities sufficient to stop the heart beat and circulation, is added to the water containing the developing embryos, the chromatophores develop normally, but until the 4th day, at least, there is no migration comparable with that observed in controls where by this time the pigment cells are definitely approaching the vessels. Loeb suggests that there is probably something present in the circulating blood which is responsible for this tropistic phenomenon.
The experiments recorded below were devised for the purpose of arriving at a satisfactory explanation of the phenomenon, if possible3 Experiment 1.--60 eggs of Fundulus heteroclitus, artificially fertilized, were kept in sea water. After 4 days incubation black and red chromatophores, with widely spread out processes were scattered over the yolk sac. By this time the hearts had begun to beat and the blood was circulating through the thin walled blood vessels which formed a network over the surface of the yolk sac. None of the chromatophores showed any relation to the vessels at this time. On the 6th day of incubation, however, the chromatophores had approached and embraced the blood vessels of the yolk sac so that the location of the vessels could be accurately determined by the coloring of their periphery caused by the closely 1 Loeb, J., J. Morphol., 1893, viii, 161 ; On the heredity of the marking in fish embryos, Biological lectures, Boston, 1899, 227.
2 These experiments were suggested by Dr. Jacques Loeb. 133 approximated black and not quite so closely approximated red chromatophores. Twenty of the eggs were allowed to remain in the sea water, twenty transferred to ~ potassium chloride in sea water, and twenty to ~ potassium chloride in sea water. The results are summarized in Table I . * Left in ~ potassium chloride and ~v potassium chloride for 4 days (from 6th to 10th day of incubation period) and then placed in sea water.
The chromatophores of all the embryos developing in sea water alone remained in close contact with the blood vessels until the time of hatching (16th day after fertilization). All hatched, and the fish were apparently normal.
In those left in ~ potassium chloride the hearts and circulations gradually became inactive and as this occurred the chromatophores again became spread out on the surface of the yolk sac. None of these embryos ever hatched. Ten of the latter after 4 days in the potassium chloride (from the 6th to the 10th day of incubation)
were again returned to sea water without excess potassium. At that time 60 per cent still had active hearts and circulations, and the chromatophores were closely embracing the vessels. In 40 per cent the hearts had stopped, the blood was not circulating, and the chromatophores were spread out over the surface of the yolk sac. At the observations made after this time there were at various times different percentages of embryos with active hearts and circulations but always those in which the blood was flowing through the vessels also had the chromatophores in close contact with the blood vessels. Contrasting with this the chromatophores were always spread out over the surface of the yolk sac when the circulation was inactive. On the 41st day of incubatior/all had active circulation and chromatophores closely approximating the blood vessels. Thus on the 46th day of incubation, which was as far as the observations were continued, 100 per cent showed spread out chromatophores, and in none of these was there an active circulation.
In those left in ~ potassium chloride and later transferred to sea water without excess potassium chloride a few again developed active circulations and in these the chromatophores again approximated and embraced the vessels in the characteristic manner. In those with inactive circulation, however, the chromatophores remained scattered and showed no relation to the blood vessels. When the circulation again stopped, in those that had begun a second time, the chromatophores again became spread out in the same manner.
A few confirmatory observations of interest may be briefly considered here.
1. When the circulation had only been inactive for 24 hours or less as in the column headed "Transferred from ~ KC1 to sea water," on the 11th day of incubation, it could be seen that the embryos in which the circulation had last stopped showed a much less pronounced wandering and spreading over of the chromatophores than those in which it had not started again.
2. The result was similar when the circulation had started but 24 hours or less before observation, in the column headed "Transferred from ~ KC1 to sea water," on the 18th day of incubation. Thus two of the three embryos in this category showed only partial approximation of the chromatophores to the vessels and not the complete stage noted in the remainder.
3. Sometimes there was an embryo present whose heart gave an occasional spasmodic beat, in the column headed "~ K C I , " on the l l t h d a y of incubation, and in these the chromatophores had not migrated far from the blood vessels and became now partially spread out. This is w h a t would be expected if, as seems probable, this was the last in which the circulation had stopped.
4. In the embryos with beating heart b u t inactive circulation, in the column headed " T r a n s f e r r e d from ~ KC1 to sea water," on the 16th day of incubation, there is usually a clump of chromatophores closely approximating the base of the beating heart where it is fixed to the surface of the yolk sac. I t seems suggestive t h a t chromatophores collect a b o u t the beating heart after they have left the vessels through which the blood has ceased to flow.
5. In other embryos with slow circulation following the removal of M the stopped heart from ~-potassium chloride to sea water, we find all stages in the restoration of the circulation and where this is rapid the chromatophores closely approximate the vessels, where slow they form b u t a loose meshwork about the vessels.
Experiment 2.--This experiment was in every way comparable with Experiment 1.
Experiment 3.--Eggs of the same teleost were allowed to develop normally until the 6th day when they were placed in flasks containing sea water to which had been added a few drops of a dilute solution of sodium cyanide (0.1 per cent). Eggs placed in 50 cc. of sea water to which two drops of the sodium cyanide solution had been added, when removed, at the end of 9 days, still had active circulations. The chromatophores were in about the same state as at the time when the eggs were first placed in the cyanide solution; i.e., most were approximated and had embraced the vessels, but a few, especially those of the red variety, were still partially spread out over the surface of the yolk sac. At this time the controls, which had been kept in sea water without cyanide, had hatched. Those placed in the cyanide never hatched. When kept for 9 days in 50 cc. of sea water plus two drops of sodium cyanide the circulations were inactive but the hearts gave occasional spasmodic beats or beat steadily. The chromatophores had not spread out as they did when the circulation was stopped before the heart in Experiments 1 and 2. After removal from the cyanide to sea water or potassium chloride solutions the chromatophores behave exactly as they did under similar conditions in Experiments 1 and 2. The cyanide by lowering the rate of oxidation may have interfered with the motility of the chromatophores. Experiments with alcohol were next tried.
Eggs fertilized 4 days previously were placed in sea water to which absolute ethyl alcohol had been added in sufficient quantity to make solutions of 2, 3, 4, and 5 per cent respectively. Thirty eggs were placed in each solution. After 18 hours ten eggs were removed from each solution and placed in sea water. The same procedure was repeated after 24 and again after 30 hours and each lot of eggs, separately kept, was observed at frequent intervals. In Table II majorities are indicated as the results were too irregular to record in toto without too much complexity. However, the results in each instance are similar to those encountered in previous experiments in every particular. Where the circulation is active (+ +), the chromatophores closely approximate the blood vessels and tightly embrace them. The embracing process is less complete the shorter the time since the circulation has again commenced; i.e., 5 per cent, 10th day. of incubation. When the heart is active but the circulation is at a standstill (+), the chromatophores are widely spread out over the yolk sac; i.e., 5 per cent, 6th day of incubation. This is also the case when neither the heart nor the circulation is active (0); i.e., 5 per cent, 5th day of incubation. There was considerable mortality among the embryos treated with alcohol, and in certain instances the circulations in some of the embryos were inactive while others were active. The tendency is indicated by the graphic record of the majority. When variations occurred there was always the consistent relation between the circulation and the chromatophores.
DISCUSSION.
The distribution and arrangement of the chromatophores of the yolk sac of embryonic Fundulus heteroclitus seem to be determined by their relation to the most abundant supply of oxygen or to the lower hydrogen ion concentration. Thus, before there is any circulation they are spread out widely on the surface of the yolk sac without regard to the blood vessels. As soon as the circulation starts, the chromatophores approach the capillary, creeping longitudinally along the surface of, coupling up with those adjacent, and finally, forming an almost continuous covering of the vessels of the yolk sac. It may be presumed that at this time .the tension of oxygen is higher and the hydrogen ion concentration lower in the circulating blood than in the tissue cells. If the circulation is stopped by any means, potassium chloride, sodium cyanide, ethyl alcohol, even with a beating heart, the chromatophores tend to spread out once more over the surface of the yolk sac in such a way that the greatest possible surface area is approximated to the sea water surrounding the embryo. With a beating heart, however, a clump of chromatophores is often found about the base of this organ, for reasons not entirely clear. In the experiments recorded above all stages in the development ~f a circulation and the cessation of one once begun have been encountered and it may be safely stated that there seems to be a direct relation between an active circulation and a close approximation and envelopment of the vessels by the chromatophores. A substance which, like sodium cyanide, inhibits oxidation also inhibits further migrations of the chromatophores, probably by paralyzing the latter; the tropistic reactions of the chromatophores are resumed when the poison (sodium cyanide) is removed and the eggs are transferred to a proper medium (sea water). When the eggs die the chromatophores shrivel up and appear as small dark spots against the opaque background of the egg. The red chromatophores respond much more slowly to an adequate stimulus than the black ones.
CONCLUSIONS.
1. The migrations of the chromatophores of the yolk sac of Fundulus heteroclitus seem to be chemotropic in character.
2. The determining factor seems to be either a high tension of oxygen or a comparatively low concentration of hydrogen ions.
